In many provinces of Mekong delta, excessive groundwater extraction has resulted in many serious groundwater-related problems. To solve problems relevant to increasing water demand as well as other negative influence of groundwater depletion, an exigent question was raised whether at what time in future is the limits to local groundwater use reached? Hence, there is a need to know groundwater use (GWU) pattern and distribution in the study area for future groundwater management.
Introduction
Due to the growing up of population in the Mekong Delta Vietnam, surface water resources strained significantly due to saltwater intrusion, water shortage and other impacts of climate change in some recent years. Additionally, groundwater exploitation has increased dramatically and its result led to decrease groundwater levels and expand saline groundwater area which can be a serious menace to supply water for domestic in the Mekong delta. In addition, groundwater resources have played an important role in reducing the pressure of irrigation water supply for agriculture and aquaculture, especially during the dry season and in rural and coastal areas [1] .
As other coastal provinces in Mekong Delta, Today, groundwater has been extracted for different purposes like in Tra Vinh Province. According to the report prepared by Provincial Department of Natural Resources and Environment (DONRE), there were only 121 abstraction wells which have been informed for the abstraction license until May 2018 with total of abstraction rate about 61,620 m 3 /d. However, it seems to have no clear aggregate picture or status of groundwater use by pattern or distribution, which makes a lot of difficulties to improve systematic management response to Tra Vinh Province. For these reasons, the understandings about pattern and distribution of groundwater use (GWU) plays a key part in ground resources assessment and management at the Mekong Delta in general and Tra Vinh Province in particular.
Materials

Study Area Location and topography
Tra Vinh is a coastal province in southern Vietnamis situated southwest of Ho Chi Minh City and lies on the coastal plain of the Mekong Delta between the coordinates of 9°31'46" to 10°04'05" latitude and of 105°57'16" to 106°36'04" longitude ( Fig. 1) . The natural area is 2.358,2 km 2 ; the population is 1,040,500 people, occupying 5.8% of the area and 5.8% of the population of the Mekong Delta. Tra Vinh has 7 districts and 1 city, including Cang Long, Tieu Can, Cau Ke, Chau Thanh, Tra Cu, Cau Ngang, Duyen Hai and Tra Vinh. The topography of Tra Vinh Province is mainly flat, with an elevation range between 0.1 and 10.4 m MSL. The higher elevations are mainly located close to the coastline, while the lower lands are in the central part of the province. 
Climate
Tra Vinh is on tropical monsoon region, hence, two main seasons can be defined: a wet season from May to October, dominated by the Southwest monsoon; and dry season between November and April, dominated by the Northeast monsoon. The weather is hot around the year with temperatures are relatively constant through the year with an average of 26 o C. The annual rainfall data indicates a spatial variation within Tra Vinh Province. The annual rainfall varies from 1,400 -2,400 mm/year, unevenly distributed in the year with more than 90% of the annual rainfall is in rainy season.
Hydrology and hydrogeology
Tra Vinh has a dense network of rivers and canals with two large rivers, Co Chien and Hau Rivers, along with a system of canals that provide water to the fields. The main canals are evenly distributed in the province, with the density varies from 4 to 10 m/ha. The tide is the cause of salinity intrusion into the interior, changing the quality of water in the direction of increased salinity.
There are eight distinguished aquifers in Mekong Delta, namely Holocene (qh), Upper Pleistocene (qp3), Upper-middle Pleistocene (qp2-3), Lower Pleistocene (qp1), Middle Pliocene (n2-2), Lower Pliocene (n21), Upper Miocene (n1-3) and Upper-Middle Miocene (n12-3) aquifers. Generally, lithology of each aquifer consists of fine to coarse sand, gravel, and pebble [2] . Because of interconnection with land surface or surface water, groundwater of shallow aquifer has low-quality basically [3] .
General socio-economical information
Surrounded by Tien and Hau Rivers and long coastlines, agriculture and aquaculture are main activities of Tra Vinh Province which occupied 185,868 ha and 51,600 ha, respectively. According to the Tra Vinh authorities, the economic growth of the province was around 11.64% in the period of 2006 to 2010. In the last 5 years, the agricultural economy of the province developed moderately, the industrial production value reached 35,528 bil.dong, an increase of around 4.62%/year at current prices, accounting for 36% of the total production value. The structure of agricultural production value shifted towards reducing the proportion of cultivation and husbandry, increasing the proportion of fisheries corresponding with the development orientation of the province. Therefore, Tra Vinh Province is a region with increasing high pressure derived from human activities, where most of the land cover has been modified and is used for agriculture and fisheries.
Groundwater Use Reviews
Not only use for domestic, but groundwater also shared supply with surface water for aquaculture and industrial purposes in this study area. Total amount of groundwater abstraction in Tra Vinh Province is 187,685 m 3 /d in 2007 [4] and the quantity of groundwater was exploited for domestic activities to increase every year by growing up of number of HH using groundwater and average rate as well ( Fig. 2 ). In 2010, it is reported that 245,920 m 3 /day was abstracted in whole province of which, abstraction amount from wells with capacity ≥ 200 m 3 /day is 53,200 m 3 /day and that of wells with capacity < 200 m 3 /day is 200,720 m 3 /day (Table 1) . Groundwater was mainly abstracted in qp3 and qp2-3 aquifers, a small amount was exploited in qp1 aquifer, and other aquifers (n2-2, n2-1 and n1-3) were not exploited. Total number of abstraction wells is 88,927 wells, of which number of well with capacity ≥200 m 3 /day is 114 wells (official wells*) and that of well with capacity <200m 3 /day is 88,813 wells (non-official well**) [5] . 
Methodology
In order to estimate pattern and distribution of GWU in Tra Vinh Province, firstly the socio-economic survey was conducted to assess population increase, revenue, land use and water resources issues, especially information relevant to groundwater use for different purposes. Secondly, the survey data was classified and calculated baseline of GWU per each household (HH) and farming area as well as ratio of household using groundwater (RHHUG) to interpolate to other zone. Thirdly, the spatial distribution of groundwater use was estimated by using correlation with land surface temperature (LST) which was estimated from Landsat 8. In addition, a local groundwater modelling was developed to verify the estimated groundwater abstraction distribution of each district and aquifer by comparing computed piezometric heads with the observed data. Figure 3 describes the framework of groundwater use estimation process with sub-objectives and tasks in this study. 
Socio-Economic Survey
Commune survey selection
As the Mekong delta is characterised with high heterogeneity in both natural conditions including groundwater salinity, 3 different districts were selected for the socio-economic survey to ensure sufficient coverage of local communities with diverse dependency on groundwater to allow understanding local pattern To assess the existing saline groundwater in the study area, the EC (electricity conductivity) test was conducted with totally 751 testing locations and then spatial distribution of the groundwater EC values by using Ordinary kriging. As electrical conductivity (EC) was used to assess the state of existing saline groundwater, the pattern of the indicator "i" is very similar to the EC interpolations previously presented in this study [7] . The interpolation of the middle Pleistocene aquifer (qp2-3) is the most reliable of the three aquifers which was conducted EC campaign. It also presents the highest EC values and gradients, in this case, the north-south gradient observed in the other aquifers has a NE-SW component. Brackish and saline groundwater is presented only in the northern part of the aquifer study ( Fig. 4) For the surface water, the province can be separated into three regions, namely in the upper zone, the middle zone and the coastal zone. In the upper zone, freshwater is either available at all seasons or depending on the season (see Fig. 5 ). Whereas in the middle zone and coastal zone, they are coping with brackish water and saline intrusion. In addition, Fig. 5 also shows that the coastal zone is saline throughout all seasons. Saline intrusion status of both groundwater and surface water were combined to show 5 zones which have different potential water resources as:
-Easy to improve SW + Fresh GW (ESFG) -Easy to improve SW + Saline GW (ESSG) -Hard to improve SW + Fresh GW (HSFG) -Hard to improve SW + Saline GW (HSSG) -Saline SW all seasons + Fresh GW. (SSFG) Based on the report of Party Congress at the commune level in 2015, three levels of gross domestic product (GDP) per capita were determined as high (GDP) per capita (> 30 mil.dong/year), moderate (GDP) per capita (20 -30 mil.dong/year) and low (GDP) per capita (<20 mil.dong/year). Nine communes were selected by the classification of commune revenue and water resources potential to satisfy the survey which can cover five zones and three levels of (GDP) per capita (see in Table 2 ).
Questionnaire and survey design
The questionnaire was developed on the basis of GWU in each demand and past studies. The questionnaire was used by the interviewer to collect (through face-to-face interview) information from interviewees (i.e., selected respondents from local communities for the survey) for conducting a socio-economic survey. The survey was conducted during 19 to 29 March 2018 by 6 members of the survey team from Division of Water Resources Planning and Investigation for the South of Vietnam. Before implementing survey at each commune, the discussion was conducted with local authorities to get an overview about water use and land use in the local and to ask the head of each village to pick up interviewers to household for surveying. Six villages per each commune were randomly selected to conduct the survey (if the commune has not less than 6 villages). The interviews were mostly conducted with the heads of households. 419 questionnaires were interviewed: average about 47 households in each of the nine communes (see questionnaire distribution in Fig. 6 ). 
Survey data analysis
SPSS tool was applied to analyze statistics of the survey data by group classification. Domestic group are formally represented water supply consumption and groundwater pumping by own well. Ratio of HH using groundwater and average pumping rate was calculated to interpolate to whole of district and others using population data. Besides, agriculture group explained irrigation or groundwater abstraction rate which depend on crop and seasonal. Average pumping rate per ha and ratio of HH using GW for agriculture purposes were calculated to interpolate to be used in other parts based on land use data.
GWU Interpolation to Other Non-Survey Area
GWU (individual) extrapolation to total by classifications
Ratio of household using groundwater (RHHUG) and average pumping rate of nine survey communes were applied to interpolate for other districts which have same of potential of water resources. Besides, ratio of household using groundwater by each year from 2007 to 2016 was estimated by linear regression between ratio of the survey and the previous ratio of Sanh (2010) [4] .
GWU expand (individual) to spatial distribution by using LST distribution (Landsat 8)
The land surface temperature (LST) is the temperature of the Earth's surface as derived from remotely sensed thermal infrared data [8] . The Landsat 8 LST was computed by fusing images of MODIS LST and Landsat 8 brightness temperature (Tb), provided by Hazaymeh and Hassan (2015) [9] . In Tra Vinh Province, most of abstraction well located in household area of near household area which was used for the agriculture demand of some annual crops or in some sand dunes along the coastal line. Barren land with high accumulation of sandy soil or the conversion of land from vegetated area to build up area indicate the highest LST value [10] . Therefore, land surface temperature (LST) distribution can be applied to estimate the distribution of GWU in rural areas (to improve the pumping package of groundwater model) where there are limits data of household distribution as well as land use.
Verify GWU estimation by using groundwater modelling
In the last section, the ratio of number household using groundwater (RHHUG) was identified by linear regression between ratio in 2007 [4] and the ratio in 2016 of the survey. During the groundwater model calibration process (groundwater model development will be explained later), RHHUG of each district used the estimated pumping from LST distribution by annual and seasonal and simulated piezometric heads were checked with the observed data.
Groundwater Modelling Process
Groundwater modelling has become a very important process in managing groundwater resources. Over the past forty years, it was considered to be one of the primary tools, which was used to understand groundwater flow and seawater movement in coastal aquifer [11, 12] A transient groundwater flow model (GMS-10.2) was constructed to verify amount of groundwater pumping (pattern and distribution proposed) from 2007 to 2016 using boundary conditions from the regional groundwater model, which covered whole of Mekong Delta area [5] . The domain of the model has an area of 2,215 km 2 . The hydrogeological conceptual model was simulated by 15 layers in which consists of eight aquifers separated by seven aquitards. In this model, the aquifers and aquitards are anisotropic a heterogeneous [2] . The model grid was divided by 135 rows and 151 columns with a uniform grid size of 500 x 500 m. The layers of 2, 4, 6, 8, 10 and 12 represented for aquitards or impervious layers. Layers of 1, 3, 5, 7, 9, 11 and 13 represented for aquifers qh, qp3, qp2-3, qp1, n2-2, n2-1, and n1-3 respectively. Seashore lines in the west and east were specified head boundaries. General head boundaries were assigned at the distribution boundaries of aquifers qh, qp3, qp2-3, qp1, n2-2, n2-1, and n1-3. The absolute average elevations of groundwater level (in monthly) at the points on the specific head and general boundaries were interpolated from absolute average groundwater level at the nearest observation wells and piezometric heads from the regional model [5] . Geostatistical tools (GMS) was applied to simulate hydraulic conductivity distribution of 15 layers. The potential recharge zones in a spatial scale was produced based on the analysis, field and laboratory results, and available data used in Tra Vinh Province [13] . The potential amount of recharge can vary from 8% to 12% of total annual precipitation. The water levels were simulated by using the surface water model [14] to input by river and canal nodes in the groundwater flow modelling. Additionally, the limited river conductance from previous model [15] was interpolated to other river and canal sections by the function of interaction parameter and ratio of wetted parameter [16] to simulate the river leakage of the first aquifer. From upper estimation, initial groundwater abstraction of each district and aquifer was by year and seasonal from 2007 to 2016.
Results
Groundwater Use (GWU) Estimation (Individual)
Domestic group
Most households still have used own groundwater well for domestic, it occupied around 80 percentage of total number of households in coastal zone. In northern district, RHHUG is lowest; around 23 % as Huyen Hoi commune, some of communes even did not use groundwater due to high salinity concentration of groundwater in this part. Average pumping rate (APR) per household (HH) varied from 1.05 m 3 /HH/d to 2.05 m 3 /HH/d and its trend increased from northern part to coastal part (Table 3) . 
Agriculture group
During dry season, groundwater was exploited much more to balance salinity of aquaculture farm in coastal and near coastal zone. Abstraction time always was gained continuously 15 to 20 days during salt intrusion period with average rate over 4.36 m 3 /d/ha (total 41.8 m 3 /ha of whole farming season). On the other hands, groundwater is main irrigation source of some annual crops such as water melon, pepper, onion, etc., in duration from January to April of the dry season. The calculation showed that the APR for irrigation of some annual crops was about 30 m 3 /d/ha (as in Table 4 ). 
Groundwater use interpolation to other non-survey area
The study investigated the correlation between the estimated groundwater use (GWU) by statistic data including number of HH and land use at the commune level of Tra Cu district and estimated GWU by land surface temperature (LST) from Landsat 8 Image (acquisition date 2-22-2014). The correlation reveals that GWU estimation using LST distribution shows a statistically significant positive correlation to the GWU estimation using statistical data (adj-R 2 = 0.646) ( Fig. 7) . Time series of groundwater use in the period from 2007 to 2016 was inputted to pumping package of the groundwater model. The result shows that piezometric heads presented closed fluctuation with the observed data in the period of 2014 to 2016. However, piezometric heads are still lower than the observed values (>1 meter) from 2007 to 2014 for both two aquifers (qp3 and qp2-3) (see red and black lines in Fig. 8 ). Thus, groundwater use at each certain seasonal of the period was adjusted more by changing the ratio of HH using GWU of the corresponding district to improve piezometric heads at some observed wells. As a result, the piezometric heads were improved significantly (see green and black lines in Fig. 8 ) with mean RMSE of RMSE of qp3 and qp2-3 aquifer varied from 1.103m to 0.090m and 0.620m to 0.253m, respectively (see detail in Table 5 ). Table 6 shows the corrected ratio of HH using groundwater via groundwater model calibration process. Due to salt intrusion in dry season, groundwater tends to be exploited more in coastal zone to satisfy domestic and agriculture demand. This is a reason why ratio of HH using groundwater in the coastal zone increased around double during past 10 years. Fig. 9 ). 
Groundwater Budget Analysis by Groundwater Modelling
The groundwater model also reveals flow budget of groundwater system in the study area. From the groundwater model results, the model estimated total inflows including land recharge, river recharge, leakage and boundary were always smaller than total outflow. Although aquifer qh absorbed total of river recharge and land recharge in the whole study area, however sum of discharge by pumping and filtration to below aquifer (qp3 aquifer) was approximated to be about 128,320 m 3 /d. It means that the changing storage of qh aquifer is low and it also explained by the stable fluctuation of piezometric heads in duration from 2007 to 2016 in two main aquifers (qp3 and qp2-3) ( Fig. 10 ). In qp2-3 aquifer (main abstracted aquifer), 82 percentage of inflow was leakage flow with lower and upper aquifer. However, the over groundwater abstraction reduced the storage of aquifer and induced the decline of groundwater level significantly in the period of 10 years. 
Conclusions
In northern part, where most groundwater is brackish and saline, the ratio of HH using groundwater is only 44 percent at present. However, in middle part and coastal part, their ratios were 83 percent and 73 percent, respectively. Average rate of GWU in coastal part also was much higher than the rate in northern part, particular is 3.78 m 3 /HH/d and 1.05 m 3 /HH/d. Ratio of household using groundwater in each part was different. It varied from 61 percent to 83 percent in coastal part and middle part and around 50 percent in northern part, respectively. In dry season of 2016, groundwater abstraction was estimated 346,279 m 3 /d in which sum of Duyen Hai, Tra Cu and Cau Ngang district occupied about 67 percent. Land surface temperature (LST) presented a good correlation with groundwater use (GWU) distribution with adj-R 2 = 0.646. In future, it can be applied to estimate GWU in other area and in regional scale.
Results of groundwater modelling also showed that the discharge from aquifer (mainly pumping) was always higher than the recharge to aquifer. It explained why the observed groundwater level declined about 0.5 m per year during the period from 2007 to 2016.
